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Abstract - This paper considers two HAUVs undertaking underwater transportation of a spherical payload via cylindrical manipulators. 
The rigid body connection method of transportation is explored. In this analysis, the nonlinear coupled dynamic model is developed to 
get an accurate representation of the actual system. Hydrodynamic parameters for all the part bodies are calculated about the centre of 
the combined system. The hydrostatic terms of the HAUVs and manipulators are selected such that their weight is slightly less than the 
buoyancy, in order to bring the entire system to surface in case of an emergency. The weight of the payload is selected such that the 
difference between weight and buoyancy is within the thrust limit of the vertical thrusters on the two HAUVs. The propulsion model is 
developed taking the effect of all the thrusters on the two HAUVs about the combined centre of body. The simulation platform is 
developed to observe the response of the entire system and of the individual HAUVs in the system at different revolutions of the thrusters. 
The stability of the entire system is ensured by maintaining the connection between the vehicles and payload. The simulation results 
show that stability and motion accuracy are compromised in the axial direction due to the opposite revolutions of the axial 
thrusters on the two HAUVs. 
 
Keywords: Nonlinear coupled dynamic model, Hydrodynamic parameters, Hydrostatic terms, Propulsion model, Stability, 
Motion accuracy. 
 
 
1. Introduction 
Payload transportation is an important requirement for various sectors, which is generally fulfilled by land vehicles, 
airplanes and sea surface vessels. Subsea transportation can also be used to transport payload; however, it is not commonly 
used due to the higher density and viscosity of water which increases the hull resistance and power requirement making the 
vehicle less efficient. Nevertheless, the use of subsea transportation can be necessary in some situations, for example, to 
avoid the detection of a military payload or to precisely place a subsea installation of an offshore platform etc.  
Widespread research has been conducted on transportation using multiple land and aerial vehicles. The three methods 
deduced are rigid body connection, flexible connection and formation keeping using formation control strategy. In the rigid 
body connection, the vehicles and the payload are rigidly connected through manipulators. For mathematical modelling, a 
dynamic model is developed for the entire system considering it a single rigid body [1]. In the flexible connection method, 
a configuration is established for the vehicles such that the payload is in static equilibrium at the desired position and 
orientation (pose) keeping in consideration the constraints on cable tension and the payload stability [2].  In the formation 
keeping approach, the vehicles maintain a formation relative to the payload while transporting it towards the target location. 
The formation is maintained by means of communication between the vehicles and the payload [3].  
The underwater environment is complex compared to land and air, making the implementation of the above mentioned 
multi-vehicular transportation methods quite challenging. For the land vehicles, the only significant term considered in 
analysing the motion response is friction, while for the aerial vehicles, gravity is considered the only dominant term [2]. The 
aerodynamic terms which could have made the analysis quite challenging are ignored due to their less significant values 
resulting from the small values of density and viscosity of air. On the other hand, underwater vehicles experience some 
substantial parameters such as the hydrodynamic parameters which consist of the added mass and the damping terms, and 
the hydrostatic parameters which are influenced by the significant buoyancy effect. Moreover, underwater dynamics is highly 
nonlinear and coupled.  
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The aim is to work out underwater transportation using multiple Unmanned Underwater Vehicles (UUVs). The two 
main types of UUVs are Remotely Operated Vehicle (ROV) and Autonomous Underwater Vehicle (AUV). ROV is mainly 
considered a tethered vehicle which is connected via umbilical cable for transferring power and communication [4]. AUV, 
on the other hand, is an untethered vehicle which contains its own power and controls itself while accomplishing a pre-
defined task [5]. Conventional AUVs are stable at high speed. However, in recent years, AUVs have been developed for the 
slow operations which are called hovering AUVs (HAUVs) [6]. Moreover, ROVs can also be modified to operate 
autonomously.  
In this work, Minerva ROVs are modified to operate as HAUVs for payload transportation. The rigid body connection 
method is worked out in which two HAUVs are considered rigidly attached to a spherical payload via cylindrical 
manipulators. 
 
2. Dynamic Modelling  
Dynamic modelling is the mathematical representation of the actual system. The model is represented by the equations 
of motion in six Degrees of Freedom (6 DOF) which include rigid body kinematics and kinetics. It is required to analyse the 
manoeuvring behaviour as well as designing the control system for an underwater vehicle. This saves the cost of experiments 
as well as time to evaluate different conditions and situations.  
The dynamic model can be developed either nonlinear coupled or linear uncoupled. In this paper, the nonlinear coupled 
dynamic model is preferred due to its accurate representation of the actual system. However, this issue requires calculation 
of several parameters as well as complicates the development of dynamic model compared to the linear uncoupled model. 
The dynamic model is developed based on the approach by Thor I. Fossen [12].  
 
2.1. Reference Frames 
First, the reference frames are defined i.e. earth-fixed and body-fixed reference frames as shown in Fig. 1. The position 
and orientation (pose) of the vehicle are represented in the earth-fixed frame, whereas, velocity and forces are defined in the 
earth-fixed frame. To get the full advantage of the geometric aspects of the body, all the parameters are transformed about 
the centre of body (O).  
 
 
Fig. 1: Frame of References [8]. 
 
2.2. Assumptions 
The development of dynamic model is based on assumptions such as 1) vehicle is a rigid body i.e. the distance between 
any mass particle on the body and the centre of body does not change by the application of forces [9]. 2) mass and its 
distribution do not change during the operation of the vehicle. 3) vehicle is deeply submerged so the wave effects are ignored. 
4) interaction effects with other bodies and sea current are ignored. Moreover, assumptions are made while calculating the 
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hydrodynamic parameters using the empirical data. For instance, DNV standards are used which assumes that the vehicle 
has 3 planes of symmetry and two of the three sides are equal in dimension or the difference is up to 10% [10]. These 
assumptions bring about uncertainties in the dynamic model. 
 
2.3. Equations of Motion 
Due to the use of same Minerva HAUVs and manipulators, which are attached to the spherical payload in the centre, 
the combined system has three planes of symmetry. The product of inertia and moment of hydrostatic terms are zero. 
Moreover, only the diagonal hydrodynamic parameters are considered. Taking the combined centre of body (O) at the 
combined centre of gravity (COG), the transverse and horizontal components of the combined centre of buoyancy (COB) 
are zero i.e. [𝑥𝑏  𝑦𝑏] = [0 0], whereas, the vertical component of COB is above the COG for static stability. The nonlinear 
coupled equations of motion in 6 DOF of the combined system is written as [7] 
 
(𝑚 − 𝑋?̇?)?̇? + 𝑚(𝑤𝑞 − 𝑣𝑟) − 𝑍?̇?𝑤𝑞 + 𝑌?̇?𝑣𝑟 − 𝑋𝑢𝑢 − 𝑋𝑢|𝑢|𝑢|𝑢| + (𝑊 − 𝐵)𝑠𝑖𝑛𝜃 = 𝜏𝑋, 
(𝑚 − 𝑌?̇?)?̇? + 𝑚(𝑢𝑟 − 𝑤𝑝) + 𝑍?̇?𝑤𝑝 − 𝑋?̇?𝑢𝑟 − 𝑌𝑣𝑣 − 𝑌𝑣|𝑣|𝑣|𝑣| − (𝑊 − 𝐵)𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜙 = 𝜏𝑌, 
(𝑚 − 𝑍?̇?)?̇? + 𝑚(𝑣𝑝 − 𝑢𝑞) − 𝑌?̇?𝑣𝑝 + 𝑋?̇?𝑢𝑞 − 𝑍𝑤𝑤 − 𝑍𝑤|𝑤|𝑤|𝑤| − (𝑊 − 𝐵)𝑐𝑜𝑠𝜃𝑐𝑜𝑠𝜙 = 𝜏𝑍, 
(𝐼𝑥 − 𝐾?̇?)?̇? + (𝐼𝑧 − 𝐼𝑦)𝑞𝑟 + (𝑌?̇? − 𝑍?̇?)𝑣𝑤 + (𝑀?̇? − 𝑁?̇?)𝑞𝑟 − 𝐾𝑝𝑝 − 𝐾𝑝|𝑝|𝑝|𝑝| − 𝑧𝑏𝐵𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜙 = 𝜏𝐾 , 
(𝐼𝑦 − 𝑀?̇?)?̇? + (𝐼𝑥 − 𝐼𝑧)𝑟𝑝 + (𝑍?̇? − 𝑋?̇?)𝑢𝑤 + (𝑁?̇? − 𝐾?̇?)𝑝𝑟 − 𝑀𝑞𝑞 − 𝑀𝑞|𝑞|𝑞|𝑞| − 𝑧𝑏𝐵𝑠𝑖𝑛𝜃 = 𝜏𝑀 , 
(𝐼𝑧 − 𝑁?̇?)?̇? + (𝐼𝑦 − 𝐼𝑥)𝑝𝑞 + (𝑋?̇? − 𝑌?̇?)𝑢𝑣 + (𝐾?̇? − 𝑀?̇?)𝑝𝑞 − 𝑁𝑟𝑟 − 𝑁𝑟|𝑟|𝑟|𝑟| = 𝜏𝑁. 
 
(1. 1) 
 
 
Where 𝑚 is the mass of the entire system which is equal to 𝑚1 + 2(𝑚2 + 𝑚3). 𝑚1,𝑚2 and 𝑚3 are the masses of the 
payload, manipulators and HAUVs respectively. 𝑊 and 𝐵 are the weight and buoyancy of the combined system respectively. 
𝐼𝑥, 𝐼𝑦 and 𝐼𝑧 are the moments of inertia of the combined system. 𝑋?̇?, 𝑌?̇? and 𝑍?̇? are the translational added mass terms while,  
𝐾?̇? 𝑀?̇? and 𝑁?̇? are the rotational added mass terms of the combined system. 𝑋𝑢, 𝑌𝑣 , 𝑍𝑤 , 𝐾𝑝, 𝑀𝑞 and 𝑁𝑟 are the linear damping 
terms while, 𝑋𝑢|𝑢|, 𝑌𝑣|𝑣|, 𝑍𝑤|𝑤|, 𝐾𝑝|𝑝|, 𝑀𝑞|𝑞| and 𝑁𝑟|𝑟| are the quadratic damping terms of the combined system. 𝜏𝑋 , 𝜏𝑌, 𝜏𝑍, 
𝜏𝐾 , 𝜏𝑀 and 𝜏𝑁 are the actuator forces and moments for the combined system.  
Note: For the purpose of algorithm generation, these equations were used in matrices. 
 
2.4. Moments of Inertia 
The moments of inertia of the combined body are shown in equation  (1.2). The moments of inertia of HAUVs and 
manipulators are transformed about O using the parallel axis theorem.  
 
 𝐼𝑥 = 𝐼𝑥0 + 2𝐼𝑥1 + 2𝐼𝑥2,  
𝐼𝑦 = 𝐼𝑦0 + 2𝐼𝑦1 + 2𝑚1𝑥b1
2 + 2𝐼𝑦2 + 2𝑚2𝑥𝑏2
2 ,  
𝐼𝑧 = 𝐼𝑧0 + 2𝐼𝑧1 + 2𝑚1𝑥b1
2 + 2𝐼𝑧2 + 2𝑚2𝑥𝑏2
2 . 
 (1.2) 
 
𝐼𝑥1, 𝐼𝑦1 and 𝐼𝑧1 are the moments of inertia of Minerva HAUV acquired from reference [11]. 𝑥𝑏1 and 𝑥𝑏2 are the axial 
distances of the centre of body of HAUV and cylindrical manipulator from O respectively. 𝑚1 and 𝑚2 are the masses of 
HAUV and manipulator respectively. 𝐼𝑥2, 𝐼𝑦2 and 𝐼𝑧2 are the moments of inertia of the cylindrical manipulator, which are 
calculated as [12] 
 
 
𝐼𝑥2 =
1
12
𝑚𝑎2. (1. 3) 
 
𝐼𝑦2 = 𝐼𝑧2 =
1
12
𝑚(3𝑎2 + 𝑏2). (1. 4) 
 
Where 𝑎 is the radius and 𝑏 is the length of the cylindrical manipulator. 𝐼𝑥0 , 𝐼𝑦0 and 𝐼𝑧0 are the moments of inertia of 
the spherical payload which are calculated using the equation [12] 
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𝐼𝑥0 = 𝐼𝑦0 = 𝐼𝑧0 =
2
5
𝑚𝑎2. (1. 5) 
 
Where 𝑎 is the radius of the spherical payload. 
 
2.5. Hydrostatics  
The spherical payload is selected of diameter 0.5m and having the mass of 130kg. The difference between the weight 
and buoyancy of the payload is 630N. The 4 vertical thrusters on two HAUVs produce a thrust force of 1176N, therefore, 
the system will safely lift and move the payload of 130kg in the vertical direction. On the other hand, each HAUV is attached 
to a cylindrical manipulator of length 1m and diameter 0.25m. The weight of the manipulator is 450N while the buoyancy is 
503N which makes the buoyancy of each manipulator slightly higher than its weight.  
 
2.6. Hydrodynamics 
The hydrodynamic parameters of an underwater vehicle consist of added mass and damping terms. The Morison’s 
formula which is usually used to calculate these parameters is a two-part equation which was derived based on a semi-
empirical approach [13]. The added mass part was derived based on the potential flow theory and the drag part was based on 
the experimental analysis. This approach is easier, quicker and provides reasonably accurate results [14].  
Hydrodynamic parameters of the Minerva HAUV are acquired from reference [11] and are modified to get their effect 
about the centre of the combined body. On the other hand, these parameters are calculated for the spherical payload and 
cylindrical manipulator using Morison’s equation [13] where the coefficients are used from references [15][16]. 
 
2.6.1 Hydrodynamic Parameters for the Payload and Manipulator 
For the spherical payload, the translational hydrodynamic parameters are equal in value while the rotational parameters 
are zero, due to symmetry and the position of centre of payload at O. For the cylindrical manipulator, the translational 
hydrodynamic parameters in sway and heave are equal in value, the rotational parameter in roll is zero and equal in pitch and 
yaw, due to symmetry of the body about x-axis. 
The added mass part of the Morison’s equation for a solid body is given as [15] 
 
 𝐴𝑖𝑖 = 𝜌𝐶𝑎𝑉𝑅 . (1. 6) 
 
𝜌 is the density of seawater,  𝐶𝑎 is the added mass coefficient and 𝑉𝑅 is the reference volume. 𝐶𝑎 and 𝑉𝑅 for the spherical 
payload and cylindrical manipulators are calculated using the empirical data from reference [15]. 
The damping terms can be linear or nonlinear depending on laminar or turbulent flow respectively. The flow field 
depends on the Reynolds number (Re) which depends on speed. The speed of multi-vehicular transportation is equal to 
1m/sec which is the operational speed of Minerva HAUV. After calculations, it was found that both the spherical payload 
and cylindrical manipulator lie in the turbulent flow region. Therefore, nonlinear damping terms are dominant. Only the  2nd 
order nonlinear damping terms are considered because it is difficult to calculate the higher order terms and are also less 
significant [10].   
The quadratic damping or drag from the Morison’s equation for a solid body is given as [15] 
 
 
 
𝐵𝑖𝑖 =
𝜌
2
𝐶𝐷𝐴𝑅 . 
(1. 7) 
 
Where 𝐶𝐷 is the drag coefficient and  𝐴𝑅 is the reference area. The drag coefficient depends on Re. For the spherical 
payload, 𝐶𝐷 is calculated from reference [16] and for the cylindrical manipulator, from reference [15].  
After calculation, the hydrodynamic parameters for the spherical payload and cylindrical manipulator are given in Table 
1. 
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Table 1: Added mass and damping terms for the spherical payload and cylindrical manipulator. 
 Added mass coefficient 
(𝑪𝒂) 
Drag coefficient 
(𝑪𝑫)  
Added 
mass terms 
Damping 
terms 
Spherical 
Payload 
Surge=Sway=Heave 0.5 0.46 33.5kg 46.2kg/m 
Roll=Pitch=Yaw - - 0 0 
Cylindrical 
Manipulator 
Surge 2/𝜋 0.87 31.97kg 21.88kg/m 
Sway=Heave 0.852 0.65 42.8kg 83.28kg/m 
Roll - - 0 0 
Pitch=Yaw - - 24.1kgm2 35.1kgm2 
 
3. Propulsion Model 
The propulsion model is developed for the 10 thrusters on the two Minerva HAUVs of the combined system. The thrust 
vector for each thruster about O is given as [17] 
 
 
𝝉𝒕𝒊 = [
𝒇
𝒍𝒕𝒊 × 𝒇
] =
[
 
 
 
 
 
 
𝑓𝑥
𝑓𝑦
𝑓𝑧
𝑙𝑦𝑓𝑧 − 𝑙𝑧𝑓𝑦
𝑙𝑧𝑓𝑥 − 𝑙𝑥𝑓𝑧
𝑙𝑥𝑓𝑦 − 𝑙𝑦𝑓𝑥]
 
 
 
 
 
 
. 
 
 
 (1. 8) 
 
Where 𝒇 is the thrust force vector of the actuator and 𝒍𝒕𝒊  is the moment arm of the thruster about O. 
The thrust vector of the combined system can be written as the product of the thrust allocation matrix (𝑻𝒂) and thrust 
force vector (𝒇) 
 
 𝝉 = 𝑻𝒂𝒇. (1. 9) 
 
Where, 𝒇 and 𝑻𝒂 for the combined system are given in                 (1. 10) and Error! Reference source not found. 
respectively. 
 
                                         𝒇 = [𝑓1  𝑓2  𝑓3  𝑓4  𝑓5  𝑓6  𝑓7  𝑓8  𝑓9  𝑓10]
𝑻.                 (1. 10) 
 
Where, 𝑓1 and 𝑓6 are the thrust forces of the transverse thrusters, 𝑓2 & 𝑓3  and 𝑓7 &  𝑓8 are the thrust forces of the vertical 
thrusters and 𝑓4 & 𝑓5  and 𝑓9 &  𝑓10 are the thrust forces of the axial thrusters respectively.  
Each column of the thrust allocation matrix represents the contribution of a respective thruster in the combined system 
about the origin (O). Column 1 and 6 are for the transverse thrusters, column 2 & 3 and 7 & 8 for the vertical thrusters and 
column 4 & 5 and 9& 10 are for the axial thrusters as shown in Fig. 2.   
             𝑻𝒂 =
[
 
 
 
 
 
 
0 0 0 cos(θ) cos(−θ)
1 0 0 sin(θ) sin(−θ)
0 1 1 0 0
0 𝑙𝑦2 −𝑙𝑦3 0 0
0 𝑙𝑥2 𝑙𝑥3 0 0
−𝑙𝑥1 0 0 −𝑙𝑥4𝑠𝑖𝑛(θ) − 𝑙𝑦4cos(θ) −𝑙𝑥5𝑠𝑖𝑛(−θ) + 𝑙𝑦5cos(−θ)
0 0 0 −cos(−θ) −cos(θ)
1 0 0 −sin(−θ) −sin(θ)
0 1 1 0 0
0 𝑙𝑦7 −𝑙𝑦8 0 0
0 −𝑙𝑥7 −𝑙𝑥8 0 0
  𝑙𝑥6 0 0 −𝑙𝑥9𝑠𝑖𝑛(−θ) + 𝑙𝑦9cos(−θ) −𝑙𝑥10𝑠𝑖𝑛(θ) − 𝑙𝑦10cos(θ)]
 
 
 
 
 
 
. 
 
 
 
(1. 11) 
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Fig. 2: Allocation of the thrusters in the combined system. 
HAUVs approach the payload from the opposite sides, therefore, the axial lever arms are of opposite signs for the two 
HAUVs. Also, the axial thrusters on the HAUVs act inwards i.e. face each other, therefore, to achieve the axial distance, 
opposite revolutions are given to the thrusters on the two HAUVs respectively. Furthermore, the axial thrusters are installed 
at an angle of 10 degrees outward from the axial direction to avoid interaction of flow, therefore, the axial thrust force has 
components in the x and y directions.   
The thrust force of a thruster can be calculated by [11] 
 
 𝑓 =  𝐾𝑇𝜌𝐷
4|𝑛|𝑛. (1. 12) 
 
Where, 𝐷 is the propeller diameter, 𝑛 is the revolution per second (rps) and 𝐾𝑇 is the thrust coefficient. 𝐾𝑇 can be found 
from the open water test which gives a relationship between the thrust coefficient 𝐾𝑇 and the advance ratio of the thruster  
𝐽𝑎. The advance ratio can be calculated as [11] 
 
 
𝐽𝑎 =
𝑉𝑎
𝑛𝐷
 . (1. 13) 
 
𝑉𝑎 is called advance velocity which is the velocity of the thruster through water. 
The relation between 𝐾𝑇 and 𝐽𝑎 for the Minerva HAUV is acquired from [11]. The advance velocity is assumed to be 
equal to the velocity of the vehicle in the specific direction. 
 
4. Simulation Platform 
Simulation platform is developed considering the dynamic and propulsion models of the combined system. Running the 
simulation code provides the motion response of the system over time by giving thruster revolutions as input. The 4th order 
Runge-Kutta method is used in MATLAB which numerically integrates the system over time with accuracy. 
The response of the individual vehicles is also observed in the combined system considering that they are operating 
independently in the system. In other words, the individual vehicles are assumed attached to the payload but not rigidly fixed 
to it. Therefore, in case of uncertainties, disturbances or the difference of forces on the two ROVs, they will get apart from 
the payload. To achieve the response of the individual HAUV in the combined system, separate dynamic models are added 
in the simulation for each vehicle including manipulator and half the payload.  
 
4.1. Motion response by applying vertical thrusters 
Fig. 3 shows the motion response when 1000rpm is applied on all the 4 vertical thrusters of the two HAUVs. The vertical 
distance of 10m is covered in 30secs. Each HAUV, if observed independently, maintains the axial distance of 1.97m from 
the payload while moving at the same rate as of the system. 
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Fig. 3: Motion response for the vertical thrusters. 
 
4.2. Motion response by applying axial thrusters 
However, when the axial thrusters are applied on the two HAUVs, the vehicles get apart from the payload as time 
increases. Fig. 4 shows the motion response when 1000rpm is applied on the axial thrusters. The distance between the 
vehicles and the payload increases and if the vehicles are fixed to the payload, the system starts moving in the sway direction.  
 
 
Fig. 4: Motion response for the axial thrusters. 
 
5. Discussion 
From Section 4.1, it is found that when vertical thrusters are applied, the connection between the HAUVs and payload 
remains intact as well as the motion response is straight in the vertical direction without any deflection in the other directions. 
This ensures the stability of the entire system and the desired motion response. However, in Section 4.2, when the axial 
thrusters are applied either the vehicles get apart or if they are fixed to the payload, the entire system deflect in the sway 
direction. This means either the payload will be dropped by the vehicles, or the entire system will move in the wrong 
direction. In both cases, the transportation mission will fail.  
The main reason for axial motion inaccuracy or system instability is the opposite revolutions given to the axial thrusters 
on the two HAUVs of the combined system, in order to move the system in the axial direction. The thrust coefficient (𝐾𝑇) 
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for the Minerva HAUV is greater for the positive revolutions than the negative revolutions [11], therefore, the thrust produced 
by the axial thrusters of HAUV1 has a higher value than the axial thrusters of HAUV2. Moreover, the axial thrusters are 
installed at an angle of 10 degrees about the axial direction, therefore, when the HAUVs are bound to the payload, the 
difference in the transverse thrust forces on the two HAUVs produce a yaw moment which moves the system in the sway 
direction. 
  
6. Conclusion  
Stability and accurate motion response are the main requirements for multi-vehicular underwater transportation. The 
stability is ensured if the vehicles maintain connection with the payload whereas, motion accuracy is ensured if there is no 
diversion from the desired path during transportation.  From the above analysis, it is found that the payload stability and 
motion accuracy is not ensured in the axial direction due to different thrust forces produced by the axial thrusters on the two 
HAUVs. There could be other reasons for instability and motion inaccuracy such as disturbances in the underwater 
environment and hydrodynamic uncertainties. Therefore, a robust control system is required to be designed which is the 
scope of further work.  
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